Methods for the removal of radiocobalt from an ethylenediaminetetraacetic acid (EDTA) complex of Co(II) (aqueous solution containing 10 mM Co(II) and 10 mM or 50 mM EDTA traced with 57 Co) are presented. The studies examined a combination of different oxidation methods and the sorption of 57 Co on a selective inorganic ion exchange material, CoTreat. The oxidation methods used were ultraviolet (UV) irradiation with and without hydrogen peroxide (H 2 O 2 ), as well as ozonation alone or in combination with UV irradiation. Also, the possible contribution of Degussa P25 TiO 2 photocatalyst to degradation of EDTA was studied. The best results for the equimolar solution of Co(II) and EDTA were achieved by combining ozonation, UV irradiation, Degussa P25 TiO 2 and CoTreat, with approximately 94% sorption of 57 Co. High values for the 57 Co sorption were also achieved by ozonation (,88%) and UV irradiation (,90%) in the presence of CoTreat and Degussa P25 TiO 2 . A surplus of EDTA over Co(II) was also tested using 10 mM Co(II) and 50 mM EDTA.
INTRODUCTION
Ethylenediaminetetraacetic acid (EDTA) is a commonly used complexing agent in various industries (paper, photography, textile, nuclear cleaning) . EDTA is frequently discharged into natural waters after use via wastewater streams and it is, for example, a major pollutant in river waters (Kari & Giger 1995) . One of the main reasons for the relatively high EDTA concentrations in natural surface waters is that considerable amounts of EDTA are released from wastewater treatment plants, for example in the form of Fe(III)-EDTA (Kari & Giger 1996) . Even though EDTA itself is not a highly toxic compound, its ability to form strong complexes with metals may induce the mobilization of toxic metal ions. In nuclear power plants (NPPs), EDTA is used to decontaminate reactor components by removing radioactive metals, mainly 60 Co, in order to decrease the build-up of radioactivity and radiation dose to plant personnel. Cation exchange resins are normally used at NPPs to remove 60 Co from the primary circuit and other water streams, but this method is not effective when 60 Co is complexed with EDTA. Highly selective inorganic ion exchange materials (Karhu et al. 2000; Mö ller et al. 2003; Harjula et al. 2004 ) have emerged recently for the removal of 60 Co in the nuclear industry, but even these are rather ineffective for removing 60 Co from the EDTA complex.
Advanced oxidation techniques (AOTs) have been shown to be efficient treatment methods for toxic organic substances. In AOTs, hydroxyl radicals are used to degrade, for example, EDTA. The hydroxyl radicals are generated from hydrogen peroxide (H 2 O 2 ) and/or ozone (O 3 ) in the presence of short wavelength ultraviolet (UV) radiation (Bains et al. 2003) . Ozone absorbs UV radiation especially at around 254 nm, which leads to the decomposition of aqueous ozone, giving hydrogen peroxide and then hydroxyl radicals (Bains et al. 2003) . The combinations of doi: 10.2166/wst.2009.458 UV and hydrogen peroxide (Kunz et al. 2002; Yang et al. 2005) , and UV and ozone (Yang et al. 2005 ) have shown high efficiency in the oxidation of EDTA. Fast EDTA degradation has also been achieved using a combination of UV, ozone and TiO 2 (Krapfenbauer & Getoff 1999) . TiO 2 is a semiconductor which can be used to enhance EDTA degradation due to its catalytic behavior. When TiO 2 is irradiated by UV radiation at wavelengths of 390 nm or less, it produces electron-hole pairs. The holes are located in the TiO 2 valence band and they can migrate to the catalyst surface and oxidize organic compounds. In addition, the conduction band electrons produced by the illumination of TiO 2 can reduce oxygen in solution to superoxide, forming additional hydroxyl radicals with a strong oxidation potential. This theory of the catalytic behavior of TiO 2 has been presented in several papers (e. g., Madden et al. 1996; Fujishima et al. 2000) .
This work concentrated on the oxidation of 57 Co-EDTA (aqueous solution containing 10 mM Co(II) and 10 mM EDTA traced with 57 Co) using different oxidation methods.
UV irradiation (254 nm) was used alone or in the presence of H 2 O 2 or ozone. Ozonation experiments without UV irradiation were also carried out, and the possible contribution of Degussa P25 TiO 2 to the degradation of EDTA was examined. The aim was to degrade EDTA into forms not capable of binding Co(II), after which the liberated 57 Co ions were sorbed by the highly selective ion exchange material, CoTreat (Harjula et al. 1999a (Harjula et al. ,b, 2004 , and in some cases also to a minor extent by Degussa P25 TiO 2 . CoTreat acts as a cation exchanger and it sorbs only ionic cobalt.
Therefore it was possible to deduce the degradation level of EDTA indirectly from the sorption level of radiocobalt on CoTreat.
For comparison with the oxidation experiments, an experiment without oxidation was done using CoTreat, Degussa P25 TiO 2 and their mixture. The UV irradiation experiments were also performed using the powders individually or using their mixture. In addition, the effect of solution pH to the degradation of EDTA was examined in the acidic range. Therefore, UV irradiation experiments were done by altering the initial pH of the test solution.
Since EDTA can exist in waste waters as surplus to Co(II), the effect of a higher EDTA concentration (50 mM) in a solution with 10 mM Co(II) was also examined. The percentage value for 57 Co sorption was calculated using Equation (1):
where A 0 is the initial 57 Co activity of the test solution and
A is the 57 Co activity of the solution after the experiment.
RESULTS AND DISCUSSION
Various experiments were performed for the degradation of EDTA. The results are presented in Table 1 
UV irradiation
When the mixture of CoTreat, Degussa P25 TiO 2 and the Co-EDTA solution (10 mM) was UV irradiated for more than 2 hours, the removal of 57 Co was approximately 90%
( Figure 1) . The effect of pH
The effect of altering the pH of the Co-EDTA solution (10 mM) was studied using 2 hours of UV irradiation ( Figure 2) . When the initial pH of the solution was 1.3, 2.2, 3.8 or 4.5, sorption levels of 0%, 37%, 40% or 89% respectively were found for 57 Co. This was expected, since the sorption of radiocobalt by CoTreat is known to decrease with increasing acidity of the solution (Harjula et al. 1999a,b) .
Ozonation
The mixture of CoTreat, Degussa P25 TiO 2 and Co-EDTA solution (10 mM) was ozonated for 4 hours, ending up with 88% sorption of 57 Co and an equilibrium pH of 6.8. Another experiment was performed for the Co-EDTA solution, ozonating it for 9 hours without CoTreat and Degussa P25 TiO 2 . Then the ozonated solution was mixed with
CoTreat for 24 hours without UV irradiation, resulting in approximately 96% removal of 57 Co (equilibrium pH 5.8).
This shows how effectively ozonation alone degrades EDTA and therefore enables the sorption of 57 Co on CoTreat.
Combination of UV irradiation and ozonation
The Co-EDTA solution was first ozonated for 9 hours 
Economical considerations
Residual ozone can be considered to be almost free of cost since it is always available as a side product when ozone is produced. The amount of ozone in the residual gas mixture was not measured but it was markedly lower than the production rate of pure ozone (4 g/h). It should be studied whether the use of pure ozone would quicken the degradation of EDTA considerably. This would, however, also increase the costs of ozonation. Nonetheless, ozone treatment would probably be more affordable than photocatalysis. An economic comparison of photocatalysis and ozone treatment of EDTA has been done (Madden et al. 1996) , which showed that choosing the most efficient degradation method is always dependent on the complex and its degradation mechanism.
CONCLUSIONS
With no oxidation, the sorption experiments in the presence of CoTreat and its mixture with Degussa P25
TiO 2 showed only minor sorption of 57 Co (approximately 7%). It should be remembered that when EDTA is degraded there are many intermediates that can be formed during the progress of the reaction. Depending on the experimental conditions, for example carbonic and nitrous/nitric acid (Bains et al. 2003) or N-hydroxymethyliminodiacetic acid (Krapfenbauer & Getoff 1999) can be formed. In this work, EDTA and the EDTA degradation intermediates were not examined, but their determination will be included in future studies.
